A general approach to site-specific insertion of amino acid analogues into proteins in vivo would be the import into cells of a suppressor tRNA aminoacylated with the analogue of choice. The analogue would be inserted at any site in the protein specified by a stop codon in the mRNA. The only requirement is that the suppressor tRNA must not be a substrate for any of the cellular aminoacyl-tRNA synthetases. Here, we describe conditions for the import of amber and ochre suppressor tRNAs derived from Escherichia coli initiator tRNA into mammalian COS1 cells, and we present evidence for their activity in the specific suppression of amber (UAG) and ochre (UAA) codons, respectively. We show that an aminoacylated amber suppressor tRNA (supF) derived from the E. coli tyrosine tRNA can be imported into COS1 cells and acts as a suppressor of amber codons, whereas the same suppressor tRNA imported without prior aminoacylation does not, suggesting that the supF tRNA is not a substrate for any mammalian aminoacyltRNA synthetase. These results open the possibility of using the supF tRNA aminoacylated with an amino acid analogue as a general approach for the site-specific insertion of amino acid analogues into proteins in mammalian cells. We discuss the possibility further of importing a mixture of amber and ochre suppressor tRNAs for the insertion of two different amino acid analogues into a protein and the potential use of suppressor tRNA import for treatment of some of the human genetic diseases caused by nonsense mutations.
T
he site-specific insertion of amino acid analogues into proteins in vitro has been used successfully for a number of applications (1) (2) (3) (4) (5) (6) . The most common approach involves the read-through of an amber stop codon by an amber suppressor tRNA, which is chemically aminoacylated with the analogue of choice. Another approach has been the use of an mRNA with four base codons, along with chemically aminoacylated mutant tRNAs with cognate four base anticodons (7, 8) . This latter approach has allowed the site-specific insertion of two different amino acid analogues into a protein in vitro (8) .
The development of methods for site-specific insertion of amino acid analogues into proteins in vivo would greatly expand the scope and utility of unnatural amino acid mutagenesis (9, 10) . In particular, the availability of in vivo systems would open the possibility of in vivo structure-function studies, including studies of protein-protein interactions, protein localizations, etc., through the use of amino acid analogues that carry photoactivatable groups, fluorescent groups, and other chemically reactive groups.
One approach for in vivo work relies on a suppressor tRNA aminoacylated with an amino acid analogue by a mutant aminoacyl-tRNA synthetase (aaRS). The analogue is inserted at a site in the protein specified by a stop codon in the mRNA. Two key requirements of this approach are (i) a suppressor tRNA, which is not aminoacylated by any of the endogenous aaRSs in the cell, and (ii) an aaRS, which aminoacylates the suppressor tRNA but no other tRNA in the cell. A number of such 21st synthetase-suppressor tRNA pairs have been developed recently for possible use in eubacteria and in eukaryotes (9) (10) (11) (12) . The next step is isolation of mutants in the 21st aaRS, which aminoacylate the suppressor tRNA with the amino acid analogue of choice instead of the normal amino acid. A major advance in this approach has been the recent isolation of a mutant of Methanococcus jannaschii tyrosyl-tRNA synthetase (TyrRS), which aminoacylates an amber suppressor derived from tyrosine tRNA of the same organism with O-methyl tyrosine instead of tyrosine (13) . By using this 21st synthetasetRNA pair, Schultz and coworkers have achieved the site-specific insertion of O-methyl tyrosine into a reporter protein in Escherichia coli.
The above approach using 21st synthetase-tRNA pairs requires the isolation, one at a time, of mutants in the 21st aaRS, which activate the amino acid analogue and attach it to the suppressor tRNA instead of the normal amino acid. A further requirement is that the amino acid analogue should be readily imported into the organism of choice. Although the successful isolation of the desired mutant in the M. jannaschii gene for TyrRS opens the possibility of extension of this approach to other amino acid analogues (13) , it is possible that this approach will be restricted to amino acid analogues that are closely related in size and structure to the normal amino acid. An alternative approach that does not require a mutant aaRS and that has the potential of being generally applicable for a number of purposes would be the import into cells of suppressor tRNAs chemically aminoacylated with the amino acid analogue of choice. This method also does not rely on uptake of the desired amino acid analogue from the medium into cells. The only requirement is that the suppressor tRNA must not be aminoacylated by any of the aaRSs in the cell. An important step along these lines has been taken by Dougherty, Lester, and coworkers, who have injected chemically aminoacylated suppressor tRNAs into individual Xenopus oocytes for site-specific insertion of amino acid analogues into membrane receptor and ion channel proteins for structure-function studies (14) . The availability of a method for import of suppressor tRNAs into cells other than Xenopus oocytes and using procedures other than injection into individual cells, one at a time, would greatly expand the scope of these experiments This paper was submitted directly (Track II) to the PNAS office.
Abbreviations: aaRS, aminoacyl-tRNA synthetase; TyrRS, tyrosyl-tRNA synthetase; CAT, chloramphenicol acetyl transferase. *Present address: Department of Microbiology and Cell Biology, Indian Institute of Science, Bangalore 560012, India. † To whom reprint requests should be addressed. E-mail: bhandary@mit.edu.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (15) . Here, we describe the import of amber and ochre suppressor tRNAs into mammalian cells and show that they suppress specifically the amber and ochre codons, respectively, in a reporter mRNA. We also demonstrate that aminoacylated amber suppressor tRNA derived from E. coli tyrosine tRNA can be imported into mammalian cells, where it acts as a suppressor of amber codons, whereas the same suppressor tRNA imported without prior aminoacylation does not. These findings form the basis of a general method for the site-specific insertion of a variety of amino acid analogues into proteins in mammalian cells.
Materials and Methods
General. Standard genetic techniques were used for cloning (16) . E. coli strains DH5␣ (17) and XL1-Blue (18) were used for plasmid propagation and isolation. For transfection of mammalian cells, plasmid DNAs were purified by using an EndoFree Plasmid Maxi kit (Qiagen, Chatsworth, CA). Oligonucleotides were from Genset Oligos (La Jolla, CA), and radiochemicals were from New England Nuclear.
Plasmids Carrying Reporter Genes. pRSVCAT and pRSVCATam27 and pRSVCAToc27, carrying amber and ochre mutations, respectively, at codon 27 of the chloramphenicol acetyltransferase (CAT) gene, have been described previously (19) .
Plasmids Carrying Suppressor tRNA Genes. The plasmid pRSVCAT͞trnfM U2:A71͞U35A36͞G72 contains the gene for the amber suppressor derived from the E. coli tRNA fMet (20) . An ochre suppressor was generated from this plasmid by mutation of C34 to U34 in the tRNA gene by using the QuikChange mutagenesis protocol (Stratagene). The plasmid pCDNA1 (Invitrogen) contains the gene for the supF amber suppressor derived from E. coli tRNA 1 Tyr (21) .
Purification of Suppressor tRNAs. For purification of the amber suppressor tRNA derived from E. coli tRNA fMet , total tRNA (597 A 260 units) was isolated by phenol extraction of cell pellet from a 2-liter culture of E. coli B105 cells (22) carrying the plasmid pRSVCAT͞trnfM U2:A71͞U35A36͞G72 (20) . The suppressor tRNA was purified by electrophoresis of 80 A 260 unit aliquots of the total tRNA on 12% nondenaturing polyacrylamide gels (0.15 ϫ 20 ϫ 40 cm) (23) . The purified tRNA was eluted from the gel with 10 mM Tris⅐HCl (pH 7.4) and concentrated by adsorption to a column of DEAE-cellulose followed by elution of the tRNA with 1 M NaCl and precipitation with ethanol. The same procedure was used for purification of the ochre suppressor tRNA. supF tRNA (21) was purified from E. coli strain MC1061p3 carrying the plasmid pCDNA1. Total tRNA (1,000 A 260 units) isolated by phenol extraction of cell pellet from a 3-liter culture was dissolved in 10 ml of buffer A [50 mM NaOAc (pH 4.5)͞10 mM MgCl 2 ͞1 M NaCl] and applied to a column (1.5 ϫ 15 cm) of benzoylated and naphthoylated DEAE-cellulose (Sigma) equilibrated with the same buffer. The column was then washed with 500 ml of the same buffer. The supF tRNA and wild-type tRNA Tyr were eluted with a linear gradient (total volume 500 ml) from buffer A to buffer B [50 mM NaOAc (pH 4.5)͞10 mM MgCl 2 ͞1 M NaCl͞20% ethanol]. The separation of supF tRNA from tRNA Tyr was monitored by acid urea gel electrophoresis of column fractions followed by RNA blot hybridization. Fractions containing supF tRNA free of tRNA Tyr were pooled.
The purity of all three suppressor tRNAs was greater than 85%, as determined by assaying for amino acid acceptor activity and by PAGE.
In Vitro Aminoacylation and Isolation of Aminoacyl-tRNAs. The U2:A71͞U35A36͞G72 mutant tRNA fMet (1 A 260 unit) was aminoacylated with tyrosine in a buffer containing 30 mM Hepes⅐KOH (pH 7.5), 50 mM KCl, 8 mM MgCl 2 , 2 mM DTT, 3 mM ATP, 0.4 mM tyrosine, 0.18 mg͞ml of BSA, 1 unit of inorganic pyrophosphatase, and 20 g of purified yeast TyrRS (10) in a total volume of 0.4 ml. Aminoacylation of supF tRNA (1 A 260 unit) was performed in 50 mM Hepes⅐KOH (pH 7.5)͞100 mM KCl͞10 mM MgCl 2 ͞5 mM DTT͞4 mM ATP͞25 M tyrosine͞0.18 mg/ml of BSA͞1 unit of inorganic pyrophosphatase͞20 units of purified E. coli TyrRS in a total volume of 0.4 ml. Reactions were incubated at 37°C for 30 min, extracted with phenol equilibrated with 10 mM NaOAc (pH 4.5), and the concentration of NaOAc in the aqueous layer was raised to 0.3 M. The aminoacyl-tRNA was then precipitated with 2 volumes of ethanol. The tRNA was dialyzed against 5 mM NaOAc (pH 4.5), reprecipitated with ethanol, and dissolved in sterile water.
Transfection of COS-1 Cells. Cells were cultured in DMEM (with 4,500 mg͞liter of glucose and 4 mM L-glutamine; Sigma) supplemented with 10% calf serum (Life Technologies, Gaithersburg, MD), 50 units͞ml of penicillin, and 50 g͞ml of streptomycin (both Life Technologies) at 37°C in a 5% CO 2 atmosphere. Eighteen to twenty-four hours before transfection, cells were subcultured in 12-well dishes. Transfection reagent Effectene (Qiagen) was used according to the manufacturer's protocol. Briefly, cells at Ϸ30% confluence were transfected with a mixture comprising 1.25 g of plasmid DNA carrying the reporter gene and 0-5 g of suppressor tRNA. The mixture of plasmid DNA and tRNA was diluted with EC buffer, supplied by the manufacturer, to a total volume of 50 l, incubated for 5 min, then mixed with Enhancer (1 l per microgram of total nucleic acids), and incubated for a further 5 min. Effectene (2 l per micrograms of total nucleic acids) was added, and the mixture was incubated for 10 min to allow for Effectene-nucleic acid complex formation. All of the above steps were carried out at room temperature (25°C). The complexes were diluted with prewarmed (37°C) DMEM to a total volume of 0.5 ml and added immediately to the cells. One milliliter of medium supplemented with serum and antibiotics was added 6 h after transfection. Cells were harvested 24-30 h posttransfection.
Assay for CAT Activity. Transfected cells were harvested by adding 0.5 ml of 140 mM NaCl͞20 mM Tris⅐HCl (pH 7.4)͞10 mM EDTA. Cells were then pelleted by centrifugation, resuspended in 30 l of 0.25 M Tris⅐HCl (pH 8.0), and lysed by multiple freeze-thaw cycles. Lysates were clarified by centrifugation, and the protein concentration of the supernatants was determined (BCA protein assay; Pierce) by using BSA as standard. Total protein extract (0.5-30 g) in a volume of 20 l was incubated for 10 min at 65°C and quick-chilled on ice. The standard reaction (50 l) contained 20 l of extract, 0.64 mM acetyl CoA, and 1.75 nmol of [ 14 C]-chloramphenicol in 0.5 M Tris⅐HCl (pH 8.0). After 1 h at 37°C, the reaction was terminated by addition of ethyl acetate and mixing. The ethyl acetate layer was evaporated to dryness, dissolved in ethyl acetate (5 l), and the solution was applied onto silica gel plates for chromatography with chloroform͞methanol (95:5) as the solvent. After autoradiography, radioactive spots were excised from the plate, and the radioactivity was quantitated by liquid scintillation counting.
Analysis of in Vivo State of tRNAs. Total RNAs were isolated from COS1 cells under acidic conditions by using TRI-Reagent (Molecular Research Center, Cincinnati). tRNAs were separated by acid urea PAGE (24) and detected by RNA blot hybridization by using 5Ј-32 P-labeled oligonucleotides.
Results
Import of Amber Suppressor tRNA into Mammalian COS1 Cells. The assay for import and function of the amber suppressor tRNA (Fig. 1) consisted of cotransfection of COS1 cells with the suppressor tRNA along with the pRSVCATam27 DNA carrying an amber mutation at codon 27 of the CAT gene followed by measurement of CAT activity in cell extracts. The suppressor tRNA used ( Fig. 2A) is derived from the E. coli initiator tRNA fMet and has mutations in the acceptor stem and the anticodon sequence. This tRNA is part of a 21st synthetasetRNA pair that we developed previously for use in E. coli (10) . The G72 mutation in the acceptor stem allows it to act as an elongator tRNA, and the U35A36 mutations in the anticodon sequence allow it to read the UAG codon (25) . Because the suppressor tRNA contains the C1:G72 base pair, which is one of the critical determinants for eukaryotic TyrRSs, it is aminoacylated in vivo with tyrosine by yeast (20, 26) and in vitro by human (27) and COS1 cell TyrRS (data not shown) and is, therefore, expected to be aminoacylated, at least to some extent, with tyrosine in mammalian cells. The tRNA is active in suppression of amber codons in yeast (20) and is, therefore, likely to be active in suppression of amber codons in mammalian cells. The tRNA was purified by electrophoresis on 12% polyacrylamide gels and used as such. The methods or reagents used for transfection included electroporation, DEAE-dextran, calcium phosphate, Superfect, Polyfect, Effectene, Lipofectamine, Oligofectamine, or DMRIE-C, a 1:1 (M͞M) mixture of 1,2-dimyristyloxypropyl-3-dimethyl-hydroxyethyl ammonium bromide with cholesterol. No CAT activity was detected in extracts of cells cotransfected by using electroporation, DEAE-dextran, calcium phosphate, Superfect, or Polyfect. Among the other reagents used, CAT activity was highest (by a factor of Ͼ25-fold compared with others) in extracts of cells cotransfected by using Effectene (data not shown). The experiments described below for import and function of the suppressor tRNAs were, therefore, all carried out in the presence of Effectene. Fig. 3A shows the results of assay for CAT activity in extracts of cells cotransfected with a fixed amount of the pRSVCATam27 plasmid DNA and varying amounts of the suppressor tRNA. Synthesis of CAT requires the presence of the suppressor tRNA during transfection (compare line 1 with lines 2-4). CAT activity reaches a maximum with 2.5 g of the suppressor tRNA; with 5 g of the suppressor tRNA, there is a substantial drop in CAT activity (Fig. 3A, lines 3 and 4) . This drop in CAT activity is most likely because of an effect of the increased amount of the tRNA on efficiency of cotransfection of the plasmid DNA, because a similar effect of the tRNA is seen on cotransfection of the wild-type plasmid DNA (Fig. 3B, lines 8 and 9 ). The CAT activity in extracts of cells transfected with 2.5 g of the suppressor tRNA is about 6% of that in cells cotransfected with the wild-type pRSVCAT plasmid and the same amount of the suppressor tRNA (Fig. 3 A and B, lines 3 and 9 ). This result is most likely a reflection of the extent of aminoacylation of the suppressor tRNA, the efficiency of amber suppression at this site with the tRNA used and efficiencies of cotransfection of both the plasmid DNA and the suppressor tRNA into COS1 cells.
RNA blot hybridization followed by PhosphorImager analysis of the blot shows that only 8.6% of the suppressor tRNA is aminoacylated in COS1 cells (Fig. 4) . Thus, aminoacylation of the tRNA is likely one of the factors limiting the extent of suppression of the amber mutation in the CAT gene. Further support for this conclusion comes from experiments described below by using the ochre suppressor derived from the same tRNA and aminoacylated amber suppressor tRNA.
Import of Ochre Suppressor tRNA into COS1 Cells. The amber suppressor tRNA described above was further mutated in the anticodon (C34 to U34) to generate an ochre suppressor tRNA (Fig. 2 A) . The import and function of the ochre suppressor tRNA were monitored by cotransfection of COS1 cells with the suppressor tRNA and the pRSVCAToc27 plasmid DNA. Results of experiments carried out in parallel with the ochre and amber suppressor tRNAs show that the ochre suppressor tRNA is about 2-fold more active in suppression of the ochre codon than is the amber suppressor tRNA in suppression of the amber codon (Table 1 ). This finding is most likely because the ochre suppressor tRNA is a better substrate for yeast and mammalian TyrRS than the amber suppressor tRNA (data not shown). Both the amber and ochre suppressor tRNAs are specific in suppression of the corresponding codons (Table 1) . These results appear, at the outset, to be consistent with the known specificity of amber and ochre suppressors in eukaryotes for the corresponding codons (19, 28) . However, in E. coli, although amber suppressor tRNAs are known to be specific for amber codons, ochre suppressor tRNAs can also read amber codons (29, 30) . Therefore, the finding here that an ochre suppressor tRNA isolated from E. coli is specific for an ochre codon in a mammalian cell is surprising and needs further study. Measurements of CAT activity shown on Table 1 were carried out by using 2.5 g of protein in the COS1 cell extracts. Use of 10-fold more protein in the assay still failed to detect CAT activity in extracts from cells transfected with the ochre suppressor tRNA along with the pRSVCATam27 plasmid DNA.
Import of Aminoacyl-Amber Suppressor tRNA into COS1 Cells. The approach for site-specific insertion of amino acid analogues into proteins requires the import of suppressor tRNA aminoacylated with the amino acid analogue of choice into mammalian cells. In an attempt to determine whether the aminoacyl-linkage in aminoacyl-suppressor tRNA would survive the time and the conditions of transfection needed for import of the suppressor tRNA, the above experiments were repeated with the amber suppressor tRNA that had been previously aminoacylated with Fig. 3 . The lower CAT activities with the amber suppressor in these experiments compared to those in Fig. 3 are most likely because of this variation. ND, not detectable.
tyrosine by using yeast TyrRS. Comparison of CAT activity in extracts of cells transfected with the amber suppressor tRNA to that in cells transfected with the amber suppressor Tyr-tRNA shows that, at both concentrations of the tRNAs used, CAT activity was significantly higher (2-to 3-fold) in cells transfected with the Tyr-tRNA (Fig. 3A , compare lines 5 and 6 to lines 2 and 3, respectively). These results demonstrate that an aminoacylated amber suppressor tRNA can withstand the time and conditions of transfection needed for import into COS1 cells and insert the amino acid attached to the tRNA to a growing polypeptide chain on the ribosome in response to an amber codon.
Import of E. coli supF tRNA into COS1 Cells. The approach for site-specific insertion of amino acid analogues into proteins in mammalian cells by using the import of suppressor tRNA requires that the suppressor tRNA should not be a substrate for any of the mammalian aaRSs. Otherwise, once the suppressor tRNA has inserted the amino acid analogue at a specific site in the protein, it will be reaminoacylated with one of the 20 normal amino acids and will insert this normal amino acid at the same site. Although the amber suppressor tRNA described above proved quite useful for the initial work in determining the conditions necessary for import of both the suppressor tRNA and the reporter plasmid DNA into mammalian cells, the tRNA is a substrate for mammalian TyrRS and is, therefore, not suitable for site-specific insertion of amino acid analogues into proteins in mammalian cells. The tRNA selected for this purpose was the E. coli supF tRNA, the amber suppressor tRNA derived from the E. coli tRNA 1 Tyr (Fig. 2B ). This tRNA is not a substrate for yeast, rat liver, or hog pancreas TyrRS (31, 32) or any of the yeast aaRSs (33) . It is also not a substrate for the COS1 cell TyrRS (data not shown). The supF tRNA was overproduced in E. coli, purified by column chromatography on benzoylated and naphthoylated DEAE-cellulose and was aminoacylated with tyrosine by using E. coli TyrRS. The supF tRNA or supF Tyr-tRNA was cotransfected into COS1 cells along with the pRSVCATam27 plasmid DNA, and cell extracts were assayed for CAT activity. Extracts of cells cotransfected with up to 5 g of the supF tRNA had no CAT activity (Fig. 5, lanes 2 and 3) . In contrast, extracts of cells cotransfected with the supF Tyr-tRNA had CAT activity (Fig. 5 , lanes 5 and 6). These results provide the first indication that an approach involving the import of suppressor tRNA aminoacylated with an amino acid analogue can form the basis of a general method for the site-specific insertion of amino acid analogues into proteins in mammalian cells. The absence of any CAT activity in cells transfected with the supF tRNA shows that this tRNA is not an efficient substrate for any of the mammalian aaRSs and fulfills the requirement described above for the suppressor tRNA to be used for import into mammalian cells.
Discussion
As a first step toward the development of a general method for the site-specific insertion of amino acid analogues into proteins in mammalian cells, this paper has focused on the question of whether suppressor tRNAs can be imported into mammalian cells and whether they will be active in suppression of termination codons. We have shown that amber and ochre suppressor tRNAs can be imported into COS1 cells and that they suppress amber and ochre mutations, respectively, at codon 27 of the CAT mRNA. We have further shown that the aminoacylated form of E. coli supF tRNA can be imported and used to suppress an amber codon, whereas the same tRNA imported without prior aminoacylation cannot. These results open up the possibility of using the supF tRNA aminoacylated with an amino acid analogue for the site specific insertion of the amino acid analogue into a protein. Dougherty, Lester, and coworkers (14) have used a similar approach to insert amino acid analogues into membrane proteins in Xenopus oocytes, except they used microinjection for introduction of the aminoacyl-suppressor tRNA into individual oocytes. Here, suppressor tRNAs, uncharged or in the aminoacylated form, are imported directly from the culture medium into mammalian cells. Our success in importing both amber and ochre suppressor tRNAs into mammalian cells allows us to work with different mammalian cell types and to use site-specific insertion of amino acid analogues into proteins for a variety of purposes including structure-function studies of proteins and studies of protein-protein interactions, protein localization, etc.
The approach involving import of aminoacyl-suppressor tRNA for site-specific insertion of amino acid analogues into a protein could be quite general, in that the same suppressor tRNA could be chemically aminoacylated with any amino acid analogue and used to insert the analogue into the protein. The only requirement is that the suppressor tRNA should not be a substrate for any of the mammalian aaRSs. The E. coli supF tRNA used here fulfills this requirement. Because the suppressor tRNA functions only once in insertion of the amino acid analogue, ideally the tRNA should be as efficient as possible in suppression. It would, therefore, be desirable to search for other possible suppressor tRNA candidates for this purpose and compare their activities in suppression to that of the E. coli supF tRNA.
Previous work on site-specific insertion of amino acid analogues into proteins in vitro or in vivo has mostly relied on the use of an amber suppressor tRNA aminoacylated with the amino acid analogue of choice along with an amber codon in the mRNA (1-6, 10, 13, 14) . Our finding that an ochre suppressor tRNA can be imported into mammalian cells and that it functions as an ochre suppressor suggests that an ochre codon could also be used for site-specific insertion of amino acid analogues into proteins. Furthermore, the finding that an ochre suppressor tRNA derived from the E. coli initiator tRNA suppresses specifically the ochre codon and not the amber codon in COS1 cells suggests that it might be possible to import two different suppressor tRNAs and concomitantly suppress an amber codon and an ochre codon on 4) and supF tRNA, uncharged (lanes 2 and 3) or charged (lanes 5 and 6). Lane 7, mock transfected; Chloramphenicol (CAM), unreacted substrate, and Ac-CAM, the products formed. The CAT activities are the average of two independent experiments. ND, not detectable.
the same mRNA or on two different mRNAs in COS1 cells. Assuming that like the supF amber suppressor tRNA, the supC ochre suppressor tRNA derived from the E. coli tRNA 1 Tyr is also not aminoacylated by any of the mammalian aaRSs, it might be possible eventually to use a mixture of supF and supC tRNAs aminoacylated with different amino acid analogues to insert two different amino acid analogues into the same protein or different proteins in mammalian cells. This would greatly expand the scope of experiments possible in vivo by using site-specific insertion of amino acid analogues into proteins. Work along these lines is in progress.
The reagent that we found optimal for the import of both the suppressor tRNA and the reporter plasmid was Effectene in conjunction with a nucleic acid condensing enhancer. Different reagents have been used by others for import of RNA molecules such as mRNAs (34) , small nuclear RNAs (35) , small interfering RNAs (36) , and tRNAs (37) into mammalian cells. A previous study on the import of tRNA used Lipofectin and tRNA as a primer for reverse transcription of mutants of HIV RNA (37) . Deutscher and coworkers (38, 39) used electroporation and saponin permeabalization of CHO cells to study the activity of exogenously added aminoacyl tRNAs in protein synthesis and found that the aminoacyl tRNAs worked very poorly, if at all. The current work provides the first report on the import of suppressor tRNAs and, more importantly, aminoacylsuppressor tRNA for their use in protein synthesis in mammalian cells.
Finally, nonsense mutations are often responsible for a variety of human genetic diseases (40) . Approaches that have been considered for treatment of these diseases include aminoglycoside antibiotic induced read-through of the nonsense codon (41) and gene therapy involving suppressor tRNA genes (42, 43) or complementation with a wild-type copy of the gene that was mutated, for example, the dystrophin gene for some patients with muscular dystrophy (44) . In transgenic mouse model systems expressing a reporter CAToc27 gene (19) in the heart, under control of the ␣-myosin heavy chain gene promoter (45) , Leinwand and coworkers have shown that injection of plasmid DNA carrying an ochre suppressor tRNA gene directly to the heart myocardium leads to partial suppression of the ochre mutation in the CAT gene (46) . Our finding that amber and ochre suppressor tRNAs can be imported into cultured mammalian cells raises the question of whether they can also be imported into cells in animal model systems similar to that used by Leinwand and coworkers (46) , and whether the inport of tRNAs leads to suppression of the nonsense mutations.
